PANCREATIC ␤-CELLS EXHIBIT intrinsically low expression of the hydrogen peroxide-inactivating enzymes catalase, superoxide dismutase, and glutathione peroxidase and are thus particularly sensitive to oxidative and nitrosative stress (33, 58, 86) . Therefore, glutathione (␥-glutamyl-L-cysteinyl-glycine, GSH), the major thiol redox buffer, may be especially important for ␤-cell antioxidant defense. In support of this possibility, intracellular GSH concentrations appear to vary in conjunction with ␤-cell sensitivity to insulin secretagogues (23, 26, 27, 52) . Furthermore, high glucose concentrations increase intracellular concentrations of reactive oxygen species (ROS) in pancreatic islets (25, 26, 45, 46, 75, 84, 85, 92) . Both mitochondrial and nonmitochondrial pathways are thought to contribute ROS to the glucotoxic process that impairs ␤-cell function (3-5, 25, 26, 32, 45, 46, 58, 71, 75, 77, 84 -86, 92) . Although multiple biochemical pathways and mechanisms of action have been implicated in the deleterious effects of chronic hyperglycemia and oxidative stress on the function of vascular, retinal, and renal tissues, less work has been done with pancreatic islets (25, 26, 38, 45, 46, 92) .
The robust driving force for disulfide formation occurs by a protein relay involving endoplasmic reticulum (ER) oxidoreductin 1 (Ero1), a conserved FAD-dependent enzyme, and protein disulfide isomerase (PDI). Specifically, Ero1 is oxidized by molecular oxygen and in turn acts as a specific oxidant of PDI, which then directly oxidizes disulfide bonds in folding proteins. The transfer of electrons required for disulfide bond formation occurs via interactions between Ero1 and PDI in conjunction with GSH as a buffer (17, 27, 88) . This process, referred to as "ER oxidation," contributes to reduction-oxidation (redox) homeostasis in the ER and enables proper folding of membrane and secretory proteins (17, 27, 88) . However, the reduction of oxygen by Ero1 also produces ROS, particularly during an ER stress response (14, 38) .
The enhanced generation of ROS during disulfide bond formation ["disulfide stress" (13, 58) ] has particular relevance for pancreatic ␤-cells, which possess a highly developed ER. Recent data demonstrate that the degradation of misfolded proteins by the ubiquitin-proteasome pathway prevented ER-derived oxidative stress (38) . However, relatively little is known about the effects of various pathologies associated with diabetes on thiol metabolism and quality control in the ER of the ␤-cell (36, 61, 70) . Therefore, in the present study, we examined the effects of glucose and ER stress on the major redox couple (GSH/GSSG) in mouse islets and utilized the well-established MIN6 ␤-cell line as a model to assess the effects of ER stress induced by proteasome inhibition on the production of cellular ROS (and NO) and stability of the GSH/GSSG redox couple as well as molecular mechanisms regulating these processes. The data reveal a working model through which the ␤-cell may regulate redox homeostasis in response to ER stress.
MATERIALS AND METHODS
Chemical agents. The proteasome inhibitor lactacystin (LC) was purchased from Dr. E. J. Corey (Harvard University, Boston, MA).
␤-Mercaptoethanol (␤-ME), n-acetyl-L-cysteine (NAC), N
-nitro-Larginine methyl ester [L-NAME, a NO synthase (NOS) inhibitor], and tunicamycin (Tm) were obtained from Sigma (St. Louis, MO).
Mouse islet isolation and cell culture. Mouse islets were isolated from Hsd:ICR (CD-1) mice (Harlan, Indianapolis, IN) at 6 -8 wk of age by use of a collagenase inflation method (32) . Pancreatic inflations were performed with Hanks' balanced salt solution (HBSS; unless otherwise specified, cell culture reagents were purchased from Invitrogen Life Technologies, Grand Island, NY) containing 1.6 mg/ml collagenase P (Boehringer Mannheim, Mannheim, Germany), 4 g/ml DNase I (Sigma), 9.2 mmol/l HEPES, 100 U/ml penicillin, and 100 g/ml streptomycin. Islets were purified by centrifugation with a Histopaque gradient (1) . Hand-picked islets were placed in Costar ultralow attachment polystyrene cluster plates (Corning Glass, Corning, NY). MIN6 cells were established from ␤-cell adenomas derived from transgenic mice harboring a hybrid rat insulin promoter-SV40 (simian virus 40) large T-antigen gene construct (37) . MIN6 cells were maintained in 25 mM glucose-Dulbecco's modified Eagle's medium (DMEM) supplemented with Eagle's minimal essential medium nonessential amino acid supplement, 44 mM sodium bicarbonate, 15 mM HEPES, 10,000 U/ml penicillin plus 10,000 g/ml streptomycin, 10% (vol/vol) heat-inactivated fetal bovine serum (FBS), 250 l/ml Fungizone (containing 250 g/ml amphotericin B and 250 g/ml sodium deoxycholate). MIN6 cells and islets were maintained at 37°C in 95% air-5% CO 2. Experiments were performed when cells were ϳ70% confluent (passages 20 -30) and after islets were precultured for 2 days in 5.6 mM glucose DMEM supplemented with 5% heat-inactivated FBS.
RNA extraction and cDNA synthesis. Total RNA was extracted with TRIzol reagent (Invitrogen, Grand Island, NY) from MIN6 cells treated in triplicate in the presence or absence of LC (10 M, 4 h) or Tm (10 g/ml, 4 h) with or without L-NAME (5-10 mM, 4 h). After quantification by spectrophotometry, equal quantities of RNA per treatment were reverse transcribed to cDNA using a GeneAmp PCR System 2400 thermocycler (Applied Biosystems, Foster City, CA) in a final reaction volume of 50 l containing 1,000 ng of RNA, 10 l of 5ϫ PCR buffer, 1 mM MgCl2, 40 M dNTP, 1.25 l RNAsin, 4 mM DTT, 1.25 l of random hexamers, and 0.75 l of MultiScribe reverse transcriptase from a GeneAmp Gold RNA PCR Core Kit (Applied Biosystems). The reaction cycle consisted of a 10-min incubation at 25°C followed by a 20-min incubation at 42°C, after which the cDNA was stored at 4 or Ϫ20°C.
Real-time quantitative RT-PCR. Quantitative RT-PCR analysis was performed in a GeneAmp 5700 Sequence Detection System (Applied Biosystems) in a final reaction volume of 25 l containing SYBR Green PCR Master Mix (Applied Biosystems), 0.5 l of (each) primer, and 5 l of cDNA template. The primers used to detect CHOP/Gadd153 (Ddit3, 397 bp), forward (5Ј-CAC ATC CCA AAG CCC TCG-3Ј) and reverse (5Ј-CTC AGT CCC CTC CTC AGC-3Ј); Ero1-l␣ (Ero1l; 202 bp), forward (5Ј-CGG GAT CCT GCG AGC TAC AAG TAT TC-3Ј) and reverse (5Ј-GGA ATT CGC CAC ATA CTC AGC ATC G-3Ј); Ero1-l␤ (Ero1lb; 219 bp), forward (5Ј-CGG GAT CCC TTT TGT GAA CTT GAT GA-3Ј) and reverse (5Ј-GGA ATT CAG_CCA CGT ATA GAA TGA T-3Ј); ERp61 (Pdia3, 223 bp), forward (5Ј-GTG CCT TCT CCA TAT GAA GT-3Ј) and reverse (5Ј-GGG TTT GTA GCT TCT CGT TG-3Ј); Gapdh (225 bp), forward (5Ј-GGA AGC TTG TCA TCA AC-3Ј) and reverse (5Ј-GGT GTG AAC CAC GAG AAA T-3Ј); Gpx-1, (120 bp), forward (5Ј-AAA A/GTG TGA G/CGT G/CAA TGG GC-3Ј) and reverse (5Ј-CTC CAA/T ATG ATG AGC TTG GG-3Ј); Gclc (336 bp), forward (5Ј-CTG YCC AAT TGT TAT GGC TT-3Ј) and reverse (5Ј-TCA AAM AGK GTS AGT GGG TC-3Ј); Grp78/BiP (Hspa5, 398 bp), forward (5Ј-CTG GGT ACA TTT GAT CTG ACT GG-3Ј) and reverse (5Ј-GCA TCC TGG TGG CTT TCC AGC CAT TC-3Ј); PDI (Pdia3, 186 bp), forward (5Ј-ACA GCT GGC AGG GAA GCT GA-3Ј) and reverse (5Ј-AGC CTC TGC TGC CAG CAA GA-3Ј); Prx-1 (Prdx1, 470 bp), forward (5Ј-GTG GAT TCT CAC TTC TGT   CAT CT-3Ј) and reverse (5Ј-GGC TTA TCT GGA ATC ACA CCA  CG-3Ј). 18S ribosomal RNA (Rn18s, 137 bp) were forward (5Ј-CAT  TCG AAC GTC TGC CCT ATC-3Ј) and reverse (5Ј-CCT GCT GCC  TTC CTT GGA-3Ј) ; unspliced Xbp-1 (Xbp-1u or Nfx1, 56 bp), forward (5Ј-CTG AGT CCG AAT CAG GTG CAG-3Ј) and reverse (5Ј-GTC CAT GGG AAG ATG TTC TGG-3Ј); spliced Xbp-1 (Xbp1s; 76 bp), forward (5Ј-CAG CAC TCA GAC TAT GTG CA-3Ј) and reverse (5Ј-GTC CAT GGG AAG ATG TTC TGG-3Ј). Rn18s or Gapdh expression was the constitutive control for determining relative RNA concentrations between samples and to confirm equal efficiency of the reverse transcription reactions. Serial dilutions of the template were prepared to verify that detection occurred in the linear range of amplification. All primers were previously validated in-house or by others (18, 24, 34, 41, 50, 66, 81) . Standard curves generated for each primer set using MIN6 RNA as controls were used to calculate mRNA concentrations.
Quantification of endogenous ROS production. Oxidative activity was detected by flow cytometric analysis using the fluorescein-labeled dye dichlorodihydrofluorescein diacetate (H 2DCF, Molecular Probes). The acetoxymethyl ester derivative readily permeates cell membranes and is trapped within the cell after cleavage by esterases. Oxidation by ROS converts the dye from its nonfluorescent to its fluorescent form. In brief, cells were cultured with 10 M H 2DCF for 30 min at 37°C (85) . After incubation with the dye, cells were washed with PBS and dispersed with trypsin, and endogenous peroxides were measured with the EPICS XL-MCL flow cytometer controlled by SYSTEM II software (Beckman Coulter, Miami, FL). Fifty thousand events were recorded for each analysis. Results were calculated as the mean fluorescence intensity of treated relative to control cells.
Plate reader fluorometry. To characterize DAF-FM (4-amino-5-methylamino-2Ј,7Ј-difluorofluorescein) diacetete (NO-specific reagent, Molecular Probes) measurements of endogenous NO production and endogenous cNOS activity, plate reader fluorometry experiments were performed as described (83) . In brief, plate fluorometry experiments were performed with 5 ϫ 10 5 MIN6 cells/well in a 96-well plate by use of a SpectraMax Gemini microplate spectrofluorometer (Molecular Devices). MIN6 cells were loaded with 10 M DAF-FM diacetate (in 2.8 mM glucose for 1 h) and exposed to glucose (2.8, 5.6, or 25 mM) in the presence or absence of LC (10 M) or Tm (10 g/ml) for 1 h, during which fluorescence measurements (495/515 nm) were taken every 36 s. Measurements were analyzed with SOFTmax Pro version 4.3.
GSH measurements and calculation of intracellular redox potential. Total GSH was derivatized with orthophthalaldehyde and measured by reverse-phase HPLC (as described previously in Ref. 54) . To calculate the redox potential for the GSH/GSSG redox couple, the
2 ), was used, in which R is the gas constant, T is the absolute temperature, and F is Faraday's constant (80) . E 0 at pH 7.2 was 252 mV (19, 80) . To determine GSH and GSSG concentrations, cell volume was estimated as 2 pl by a Beckman Coulter counter Model ZM.
Western blot analysis. MIN6 cells were treated in triplicate in the presence or absence of LC (10 M, 4 h) or Tm (10 g/ml, 4 h) and with or without L-NAME (5-10 mM, 4 h). Nuclear proteins and cytoplasmic proteins were extracted as described previously (80) . Equal protein concentrations (15 g) were size separated by 12% SDS-PAGE and transferred to nitrocellulose membranes. Blots were probed with a rabbit polyclonal anti-␥-GCLC (Lab Vision, Fremont, CA), rabbit polyclonal anti-Nrf2, goat polyclonal anti-lamin B, goat polyclonal anti-␤-tubulin (Santa Cruz Biotechnology) and horseradish peroxidase-conjugated anti-mouse IgG, anti-goat IgG, or anti-rabbit IgG (Sigma). Bands were detected with the enhanced chemiluminescence (ECL) system (Amersham Biosciences, Piscataway, NJ). Immunoblots were scanned by optical densitometry to quantify the relative level of protein expression among treatments.
Apoptosis and cell viability by flow cytometry using Hoechst 33342
and propidium iodide double staining. Flow cytometric analysis was used to distinguish among normal, apoptotic, and necrotic cells stained with Hoechst 33342 and propidium iodide (PI) (9, 22) . In brief, after cells were treated as indicated, a low concentration of Hoechst 33342 (1 mg/l, ϳ10 6 cells) was added to cells at 37°C for 3 min. By counterstaining with a viability stain, such as PI (1 mg/l), normal, apoptotic, and necrotic cells were distinguished. Ten thousand cells were analyzed, and apoptotic cells were identified as those with increased Hoechst 33342 fluorescence, low forward angle light scatter, and no PI fluorescence.
Measurement of intracellular ATP and ADP concentrations. ATP and ADP were determined as described previously (54) . In brief, cells were washed twice with PBS, and an ice-cold, nitrogen-saturated precipitation solution (3 vol acetonitrile ϩ 1 vol 10 mM KH2PO4, pH 7.4) was added to each well. Precipitation solution was made weekly, stored at 4°C, and sparged with nitrogen for 20 min prior to usage. Upon addition of precipitation solution, cells were harvested and transferred to an Eppendorf tube, vortexed, and centrifuged at 16,000 g for 4 min at 4°C. Ice-cold HPLC-grade chloroform (500 l) was added to supernatants, vortexed for 60 s, and centrifuged at 16,000 g for 4 min at 4°C. Chloroform extraction of the aqueous phase was repeated twice, and samples were filtered through a 0.45-m, 4-mm syringe filter and transferred to an autosampler vial. Samples (100 l) were analyzed by HPLC immediately after sample preparation. HPLC separation was performed on a Waters 2695 separations module. Compounds were separated on a reverse-phase column (Kromasil C18, 5 m, 250 mm ϫ 4.6 mm) coupled to a guard column (Waters Symmetry C18, 5 m, 20 mm ϫ 3.2 mm) using tetrabutylammonium hydroxide as ion-pairing reagent. ATP and ADP were detected with a Waters 2487 dual-absorbance detector (260 nm). The detectors were connected in line. Peak areas were integrated using Millennium software version 3.2. Compound concentrations were calculated using standard curves.
Plasmids and constructs. The full-length cDNA clones encoding mouse Nrf2 (Clone ID 3663276) and mouse MafK (Clone ID 4189276) were purchased from Invitrogen. The coding region of Nrf2 cDNA was amplified by PCR using the primers GTG GTA CCA GCA TGA TGG ACT TGG AGT TGC C and ACT CGA GCT AGT TTT TCT TTG TAT CTG G containing KpnI and XhoI restriction sites (underlined) and subcloned into vector pcDNA 3.1(ϩ) to generate the construct pcDNA-Nrf2. The coding region of MafK was also amplified by PCR using the primers GGT AAG CTT GTT ATG ACG ACT AAT CCC AAG CC and AGA ATT CCT AGG AGG CGG CTG AGA AGG G containing HindIII and EcoRI restriction sites (underlined) and subcloned into the vector pcDNA3.1(ϩ) to generate the construct pcDNA-MafK. The 6.5-kb mouse Gclc promoter-luciferase construct was a kind gift from Dr. Michael Rosenfeld (University of Washington, Seattle, WA) and has been described previously (8) .
ARE4 gene reporter assays. MIN6 cells were seeded at a density of 2 ϫ 10 5 per well in a 24-well plate. Forty-eight hours after seeding, cells were cotransfected using the Lipofectamine 2000 reagent (Invitrogen) with 1 g of the mouse Gclc promoter-luciferase construct and 0.5 g each of the pcDNA-Nrf2 and pcDNA-MafK constructs. 0.01 g of the control plasmid pRL-TK encoding Renilla luciferase was included in each transfection to account for variability in transfection efficiency. Twenty-four hours after transfection, the medium was aspirated, and the cells were pretreated with medium without glucose for 1 h, after which it was replaced with medium containing 5.6 mM glucose Ϯ L-NAME (10 mM). After 1 h, it was followed by treatment with or without 10 M LC or Tm (10 g/ml) for 8 h. Cell lysates were obtained using the passive lysis buffer (Promega), and luciferase activity was measured using the Dual Luciferase Reporter System (Promega), according to the manufacturer's instructions, on a Zylux FB12 luminometer. Luciferase activity from the reporter plasmid was normalized to that obtained from the Renilla luciferase, and the results are expressed as means Ϯ SE of four independent experiments.
Nuclear extract preparation and electrophoretic mobility shift assay. Nuclear extracts from cells were prepared as described (80) and kept at Ϫ80°C until use. Protein content was measured using the Bradford method. The sequences of the oligonucleotides encompassed the ARE4 element (81) as follows: ARE4 wt 5Ј-CCC CGT GAC TCA GCG CTT TGT-3Ј, ARE4 m2 5Ј-CCC CGT GAC Ttg GCG CTT TGT-3Ј. ARE4 wt was used as a positive control. Equimolar amounts of single-stranded oligonucleotides were annealed and radiolabeled using T4 polynucleotide kinase (Roche) and [␥-
32 P]dATP (Amersham Biosciences). Radiolabeled probes were purified by gel filtration chromatography on mini Quick Spin Columns (Roche). Nuclear proteins (2.5-5 g) were preincubated for 20 min on ice in 20 l of binding buffer (20 mM Tris ⅐ HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl2, 1 mM DTT, 10% glycerol) with 1 g of poly(dI-dC) (Roche). A radiolabeled DNA probe (5 fmol) was added, and the reaction was left for another 20 min on ice. For competition experiments, 1,000 ϫ excess of the cold probe was added 20 min before the radiolabeled probe was added. To verify binding of Nrf2 and MafK to the ARE4 element, 1 l of anti-Nrf2 (sc-722X) and/or anti-MafK antibody (sc-16872X; both from Santa Cruz Biotechnology) was added to the proteins and left for 30 min at room temperature before the radiolabeled probe was added. Samples were loaded onto a 6% nondenaturing polyacrylamide gel and subjected to electrophoresis as described. Gels were vacuum dried and autoradiographed for 2 to 48 h at Ϫ80°C.
RESULTS

Effects of glucose and ER stress on the GSH/GSSG redox couple in mouse islets and MIN6 cells.
To examine the effects of glucose and ER stress on the redox state, islets were exposed to 2.8, 5.6, or 20 mM glucose in the absence or presence of proteasome inhibitor LC (10 M) for 4 h. Intracellular GSH and GSSG concentrations were measured by HPLC and normalized on a per cellular DNA basis. Relative to the physiological 5.6 mM glucose treatment, total islet GSH concentrations were elevated (P Ͻ 0.05) in response to low and high glucose (2.8 mM and 20 mM, Fig. 1A ). LC further increased the total GSH concentration in islets cultured in low glucose (2.8 mM). The GSH/GSSG ratio, indicative of redox status, revealed that islets became more oxidized in response to increasing concentrations of glucose. The GSH/GSSG ratio of islets cultured in 2.8 and 5.6 mM glucose decreased (P Ͻ 0.05) in response to LC, whereas this ratio was similar in control and LC-treated islets in the presence of high glucose (20 mM; Fig. 1B ). Similar glucose effects on GSH/GSSG ratios were observed in MIN6 cells (data not shown).
To quantify intracellular redox state, the concentrations of GSH and GSSG in MIN6 cells treated with 25 mM glucose were used to calculate the intracellular GSH redox potential with the Nernst equation (78) . Untreated control cells exhibited redox potentials similar to cells exposed to LC (10 M) in 25 mM glucose for 4 but not 12 h of treatment [E h Ϸ Ϫ160 mV, apoptotic range (78) ]. Notably, exposure to LC for 4 h significantly decreased intracellular GSH concentrations, whereas 4-h exposure to Tm significantly increased intracellular GSH concentrations (Table 1) . Supplementation with ␤-ME and NAC prevented (P Ͻ 0.05) the loss of intracellular GSH attributed to LC.
Measurements of endogenous ROS and NO production in MIN6 cells. Exposure of MIN6 cells to LC or Tm increased intracellular ROS concentrations (Fig. 2) . The increase in endogenous ROS was reduced by supplementation with ␤-ME (100 M) or NAC (1 mM).
Endogenous cellular NO is synthesized by a family of NO synthase enzymes (reviewed in Ref. 51 ). To measure direct and dynamic endogenous NO production of the constitutive NOS activity in MIN6 cells, plate reader fluorometry experiments were performed (Fig. 3 ). In agreement with previous studies by Smukler et al. (83) , endogenous NO production was proportional to increasing concentrations of glucose (2.8, 5.6 mM). However, the present data reveal that NOS activity was stimulated further by LC (10 M). Tm (10 g/ml) significantly increased endogenous NO production relative to untreated control cells in high glucose (25 mM) . The NOS inhibitor L-NAME prevented endogenous NO production (data not shown). These results demonstrate that cultured ␤-cells produce NO in response to glucose and further implicate a role for NO during the ER stress response.
Fluorescence-activated cell sorting analysis of normal, apoptotic, and necrotic cells and cellular viability assessment. Normal, apoptotic, and necrotic cells were distinguished by double staining with Hoechst 33342 and PI (Table 2 and Fig. 1 . Effects of glucose and endoplasmic reticulum (ER) stress on the GSH/GSSG redox couple in mouse islets. Mouse islets (n ϭ 3, 200 islets/well) were treated with or without lactacystin (LC, 10 M) in glucose (2.8, 5.6, 20 mM) for 4 h. After treatment, islets were collected, washed, and processed for GSH measurements as described in MATERIALS AND METHODS. Mean (ϮSE) concentrations of GSH and GSSG (pmol/mg DNA) are shown for MIN6 cells exposed for 4 h with or without lactacystin (LC, 10 M) or tunicamycin (Tm, 10 g/ml) and with or without supplemental thiol antioxidants ␤-mercaptoethanol (␤-ME, 100 M) or n-acetyl-L-cysteine (NAC, 1 mM). Intracellular redox potential (Eh value) was calculated using the Nernst equation based on previous estimates of cell volume and pH, as described in MATERIALS AND METHODS. Data are representative of 2 independent experiments. *P Ͻ 0.05 vs. control. (Table 2) .
Enhanced expression of genes involved in oxidative protein folding in MIN6 cells. The formation of disulfide bonds in the ER requires PDI and ERO1, which reoxidizes PDI (60) . To determine the effects of LC on Ero1 and PDI, the mRNA concentrations of mouse Ero1 homologs (Ero1-l␣ and Ero1-l␤), and two PDI enzymes (PDI and ERp61) were examined (Fig. 4) . A significant increase in Ero1-l␣, but not Ero1-l␤ gene expression was observed in response to LC. The mRNA of both PDI family members (PDI and ERp61) were significantly increased in LC-treated MIN6 cells (Fig. 4) .
Effects of proteasome and NOS inhibition on expression of genes involved in thiol metabolism and antioxidant defense.
To determine whether ER stress induced by LC (4 h, 10 M) altered the expression of genes involved in thiol metabolism, mRNA expression of Gclc [encoding catalytic subunit of GCL, the rate-limiting enzyme for the synthesis of GSH (20, 39, 60, 65) ], glutathione peroxidase, glutathione reductase, catalase, and manganese superoxide dismutase were examined. Gclc mRNA expression was below the detection limit for control MIN6 cells via standard RT-PCR. In contrast, Gclc mRNA transcripts were detected after exposure to LC and Tm (Fig. 5A) . When the NOS inhibitor L-NAME (5 or 10 mM) was combined with LC (4 h, 10 M) treatment, steady-state Gclc mRNA expression was similar to that of untreated controls. Quantitative PCR demonstrated that LC-induced Gclc mRNA expression was reduced significantly in response to L-NAME (5 mM; Fig. 5B ). The protein expression of GCLC was similar among control and LC-and Tm-treated MIN6 cells (Fig. 5C ). These data indicate that endogenous NO production or NOS activity contributes to the transcriptional upregulation of Gclc in MIN6 cells.
The mRNA expressions of glutathione reductase, catalase, and manganese superoxide dismutase were similar among control and LC-and Tm-treated MIN6 cells (data not shown). However, a significant increase in Gpx-1 and Prx-1 mRNA expression was observed in response to LC and Tm (Fig. 5D) . When both the proteasome and NOS were inhibited, steadystate mRNAs of Gpx-1 and Prx-1 were lower (P Ͻ 0.05) or similar to untreated control mRNA (Fig. 5D ). These data indicate that endogenous NO production or NOS activity Fig. 3 . Endogenous NO production in response to glucose stimulation and ER stress. MIN6 cells were loaded with DAF-FM diacetate (NO-specific reagent in 2.8 mM glucose for 1 h) and exposed to glucose (2.8, 5.6, 25 mM) with or without LC (10 M) or Tm (10 g/ml) for 1 h, during which measurements (495/515 nm) were recorded every 36 s. Representative graphs (n ϭ 4) are shown for 3 independent experiments. *P Ͻ 0.05. contributes to the transcriptional upregulation of Gpx-1 and Prx-1 in MIN6 cells.
To determine whether the transcriptional upregulation of an ER stress-responsive gene is dependent on endogenous NO production, mRNA expression of ER chaperone GRP78/BiP was examined by quantitative real-time RT-PCR in MIN6 cells treated with LC (10 M) in the absence or presence of a NOS inhibitor (L-NAME, 10 mM) for 4 h (Fig. 5D ). As expected, proteasome inhibition alone increased Grp78/BiP mRNA expression (Fig. 5D) . When both the proteasome and NOS were inhibited, steady-state Grp78/BiP mRNA expression was lower (P Ͻ 0.05) or similar to that of untreated control cells (Fig. 5D) .
Effects of proteasome and NOS inhibition on unfolded protein response activation and ER stress-responsive genes.
Realtime quantitative RT-PCR was used to examine the activation of an unfolded protein response (UPR) in response to simultaneous proteasome and NOS inhibition in MIN6 cells. Transcription factor X-box-binding protein-1 (Xbp-1) is a regulator of the UPR (12, 41, 56, 94) . On sensing misfolded proteins, an ER transmembrane endoribonuclease and kinase (Ire1) excises an intron from mammalian Xbp-1 mRNA, resulting in the conversion of unspliced Xbp-1 (Xbp-1u) to spliced Xbp-1 (Xbp-1s, 13, 42, 57, 94 ). The Xbp-1s then translocates to the nucleus where it binds its target sequence in the regulatory region of chaperone genes to induce their transcription. High expression of Xbp-1s relative to Xbp-1u is indicative of UPR activation (13, 42, 57, 94) . Treatment of MIN6 cells with LC resulted in an accumulation of Xbp-1s mRNA and a concomitant decrease in Xbp-1u mRNA (Fig. 6) . Inhibition of NOS did not alter this response.
The gene encoding C/EBP-homologous protein (CHOP), also known as growth arrest and DNA damage-inducible gene 153 (Gadd153), is a stress-inducible transcription factor that is activated by agents that adversely affect ER function (72) . Expression of CHOP/Gadd153 mRNA was detected by standard RT-PCR after exposure of MIN6 cells to LC (10 M, 4 h) but not in untreated control cells (Fig. 7A) . To determine whether CHOP/Gadd153 induction was mediated by endogenous NO production, MIN6 cells were treated simultaneously with LC and NOS inhibitor L-NAME for 4 h. Induction of CHOP/Gadd153 was not detected during simultaneous inhibition of proteasome and NOS. Quantitative PCR revealed that L-NAME decreased LC-and Tm-induced CHOP/Gadd153 expression (Fig. 7B ). These data indicate that endogenous NO production is necessary for the induction of CHOP/Gadd153 in LC-treated MIN6 cells.
Constitutive nuclear localization of Nrf2. Nuclear localization of Nrf2 is essential for the transactivation of a variety of stress-responsive genes, including GCL (41, 81) . Western blot analysis of nuclear and cytoplasmic extracts using anti-Nrf2 antibody revealed the accumulation of Nrf2 protein in the nucleus of LC-treated MIN6 cells (Fig. 8A) . Inhibition of NOS did not significantly alter the localization of Nrf2. Nrf2 was not detected in the cytosol regardless of treatment. Lamin B and ␤-tubulin are shown as markers for nuclear and cytoplasmic compartments, respectively (Fig. 8A) .
NOS inhibition prevented Gclc ARE4-mediated transactivation in ER-stressed MIN6 cells. Previous studies demonstrated
Nrf and MafK transactivation of the Gclc promoter (21) . To determine the role of NOS inhibition on ARE4-mediated gene expression, MIN6 cells were cotransfected with a mouse Gclc promoter-luciferase construct (1.0 g) and 0.5 g each of the pcDNA-Nrf2 and pcDNA-MafK constructs. Twenty-four hours after transfection, cells were treated with LC (10 M) or Tm (10 g/ml) in the absence or presence of L-NAME (10 mM) for 8 h in 5.6 mM glucose (Fig. 8, B and C) . NOS inhibition repressed LC and Tm-induced activation of Gclc ARE4. These data further demonstrate an essential role for NO in regulating the Nrf2 pathway.
Electromobility shift assays demonstrate DNA binding of Nrf2 to ARE4 during UPR activation. To determine whether the binding of Nrf2 to an ARE is altered by UPR activation, electrophoretic mobility shift assays (EMSA) were performed. (Fig. 8D, lanes 3, 5, and 7 relative to lanes 2, 4, and 6 , respectively). A similar EMSA was performed with each antibody separately. Anti-Nrf2 (Fig. 8E, lane 3) , but not anti-MafK (Fig. 8E, lane 4) disrupted binding of the Nrf2-MafK complex to the Gclc ARE4. This observation may be explained by the fact that the anti-Nrf2 reagent used is directed against the COOH terminus of Nrf2, which includes the DNA -1, Prx1) . MIN6 cells were treated with LC (10 M) with or without L-NAME (N, 10 mM) in 5.6 mM glucose for 1 h. After treatment, cells were washed with PBS, and protein or RNA was isolated. Representative data are per Rn18s and from 1 of 3 independent experiments performed in triplicate are shown; means Ϯ SE. *P Ͻ 0.05, LC vs. control; **P Ͻ 0.05, LC vs. LC ϩ N. Fig. 6 . Effects of proteasome and NOS inhibition on unfolded protein response activation. MIN6 cells were treated with LC (10 M) with or without L-NAME (10 mM) in 5.6 mM glucose for 1 h. After treatment, cells were washed with PBS, and RNA was isolated. The relative steady-state active, spliced form of Xbp-1 (Xbp1s) and unspliced Xbp-1 (Xbp-1u) per Rn18s, as determined by quantitative PCR, are shown. *P Ͻ 0.05. binding domain. NOS inhibition did not significantly alter the binding of the Nrf2-MafK complex to the Gclc ARE4 induced by LC and Tm (data not shown).
DISCUSSION
The present studies investigated the effects of an ER stress response on the major redox couple (GSH/GSSG), endogenous ROS production, expression of genes involved in ER oxidative protein folding, general antioxidant defense, and thiol metabolism using mouse islets and the well-validated MIN6 ␤-cell line as a model system. Although the ER stress response is vital to ensure quality control, it also enhances the endogenous production of ROS, formed as byproducts during oxidative protein folding in the ER.
A glucose concentration-dependent decrease in the GSH/ GSSG ratio was observed in islets after 4-h exposure to increasing concentrations of glucose (2.8, 5.6, 20 mM). Glucose itself may be an ER stressor through its ability to stimulate insulin synthesis and increase the number of proteins with disulfide bonds that must be folded properly in the ER lumen. To accommodate newly synthesized ER client proteins, the ER environment may adapt acutely through induction of a UPR. Persistent exposure to high glucose may lead to chronic UPR activation, (i.e., ERO1 and PDI expression) and thereby increase endogenous ROS production and redox signaling during high insulin demand. In agreement, constitutive expression of Ero1-l␤ transcripts observed in professional secretory cells likely reflect their higher requirements in disulfide bond formation (27) .
The physiological status of eukaryotic cells correlates with the redox potential (E h value) of the GSH/GSSG couple (78) . For example, the E h value is most negative during proliferation and becomes more positive as cells differentiate (78) . The present data demonstrate that MIN6 ␤-cells maintained a redox potential of approximately Ϫ185 mV. Relative to other confluent or differentiated cell lines [fibroblasts, ], this E h value is more oxidized and likely reflects the highly developed ␤-cell ER and its respective vital metabolic and secretory activities. Additionally, ␤-cells are also more sensitive to oxidative and nitrosative stress due to their intrinsically low expression of antioxidant enzymes (57, 71, 86) .
It was suggested recently that the same pathways used in the activation of glucose-dependent insulin secretion (increased glycolytic flux, ATP-to-ADP ratio, and intracellular Ca 2ϩ concentration) can dramatically enhance ROS production and manifestations of oxidative stress and, possibly, apoptosis (29) . Indeed, it is generally acknowledged that ROS are byproducts of mitochondrial aerobic metabolism. However, in the present studies, the specific metabolic consequences of ER oxidation are highlighted as a contributor of endogenous ROS. We hypothesize that "ER oxidation" (also referred to as disulfide stress) generates excessive endogenous ROS, which contributes to the chronic oxidative stress observed in pancreatic ␤-cells during hyperglycemia. Our data revealed a glucose concentration-dependent decrease in the GSH/GSSG ratio, which was further decreased (i.e., oxidized) with ER stress in mouse islets. Notably, the maximal effects of ER oxidation were observed only in mouse islets stimulated with lower (2.8 or 5.6 mM) glucose concentrations. In high glucose (20 -25 mM) , the GSH/GSSG ratio was similar in ER-stressed and untreated control mouse islets and MIN6 cells. These data indicate the importance of determining the relative contributions of ROS generated from mitochondrial vs. ER metabolism. Specifically, the extent to which ER-derived ROS may contribute to the chronic oxidative stress observed in ␤-cells during hyperglycemia is unclear.
Persistent ER stress eventually leads to cell death (27, 36, 48, 67, 71) , which may be attributed to excessive ROS. In agreement, prolonged ER stress (12 h) correlated with a significant decrease in the GSH/GSSG ratio that was not prevented by supplemental thiol antioxidants (data not shown). However, after 4 h of treatment with lactacystin or tunicamycin, the percentage of apoptotic and necrotic cells combined did not differ significantly from control cells and reached only 15% of total cells after 12 h of treatment. Upregulation of the ratelimiting enzyme for GSH synthesis (Gclc) and genes involved in antioxidant defense (Gpx-1, Prx-1) likely contributed to the maintenance of ␤-cell redox homeostasis and cell survival during this acute period.
The extent to which increased endogenous ROS production or enhanced redox signaling may contribute to cell survival during the ER stress response in ␤-cells is questionable. NO is a signaling molecule that, in excess, causes cell death. Excessive NO exerts cytotoxic effects by reacting with superoxide and thereby generating the highly reactive free radical peroxynitrite, which causes nonspecific DNA, protein, and lipid damage (11) . However, recent studies suggest that NO is also a potent antioxidant (reviewed in Ref. 73 ). Specifically, low NO concentrations produced by the constitutive NOS (cNOS) enzyme, which have been shown to regulate ␤-cell insulin release (2, 53, 69, 76, 79, 87, 89) , may also terminate oxidative stress by 1) suppressing iron-induced generation of hydroxyl radicals (⅐OH) via the Fenton reaction, 2) interrupting the chain reaction of lipid peroxidation, 3) augmenting the antioxidative potency of reduced GSH, and 4) inhibiting cysteine proteases. The present data reveal that endogenous NO production or cNOS activity was enhanced by ER stress. Furthermore, inhibition of cNOS by L-NAME repressed the ER stress-induced expression of genes involved in thiol metabolism, antioxidant defense, and ER protein folding (Gclc, Prx-1, Gpx-1, Grp78/BiP). These data indicate that endogenous NO is vital for induction of antioxidant defense genes and those involved in ER protein folding in the ␤-cell.
The protective effects of NO in ␤-cells may be mediated by activation of Nrf2. Nrf2 is a critical transcription factor that binds to the ARE in the promoter region of a number of genes Fig. 8 . Effects of NOS inhibition on antioxidant response element (ARE)4-mediated gene expression in ER-stressed MIN6 cells. A: nuclear localization of Nrf2 in response to ER stress. MIN6 cells were grown on 6-well plates and treated with LC (10 M) with or without L-NAME (10 mM) in 5.6 mM glucose for 4 h. After treatment, cells were washed with PBS, and nuclear and cytoplasmic extracts were prepared. Ten micrograms of the nuclear proteins (nu) or cytoplasmic proteins (cy) were loaded onto a 12% polyacrylamide gel, and Western blotting was performed with anti-Nrf2, anti-lamin B, and anti-␤-tubulin antibodies. Lamin B and ␤-tubulin are shown as markers for nuclear and cytoplasmic proteins, respectively. B and C: NOS inhibition prevents induction of ARE4-mediated gene expression in ER-stressed MIN6 cells. MIN6 cells were cotransfected with mouse Gclc promoter-luciferase construct along with pcDNA-Nrf2 and pcDNA-MafK constructs and pRL-TK plasmid encoding Renilla luciferase as an internal control. Twenty-four hours after transfection, cells were pretreated with medium without glucose for 1 h, after which it was replaced with medium containing glucose (5.6 mM, B and C) with or without L-NAME (N, 10 mM). After 1 h, cells were treated with or without LC (10 M) or Tm (10 M) for 8 h. Cell lysates were obtained and luciferase activities normalized against Renilla luciferase activity. Results are represented as means Ϯ SE from 3 independent experiments. *P Ͻ 0.05. Electromobility shift assays demonstrate Nrf2 binding to ARE4. D: LC and Tm enhanced the binding of nuclear factors to the Gclc ARE4. The Gclc ARE4 was end labeled with [␥-32 P]ATP. Labeled ARE4wt probe (5 fmol) was incubated with nuclear extracts (NE, 5 g) from MIN6 cells treated with LC (10 M) or Tm (10 g/ml) for 4 h and analyzed in a 6% nondenaturing polyacrylamide gel. Gels were dried and autoradiographed. E: in a similar experiment as in D, anti-Nrf2 and anti-MafK antibodies were incubated separately with nuclear extracts (lanes 3 and 4, respectively) . ARE4 DNA binding activity was abrogated with unlabeled ARE4m2 but not unlabeled oligonucleotides containing the m2 mutation (ARE4m2, data not shown).
encoding for antioxidant and phase 2 enzymes in numerous tissues and cell types (40, 68) . However, to our knowledge, it has not been previously reported whether Nrf2 signaling controls the coordinated expression of antioxidant pathways and phase 2 enzymes in pancreatic ␤-cells. Our data demonstrate that inhibition of NO production did not prevent Nrf2 binding to the ARE. This observation suggests that Nrf2 may be constitutively localized to the nucleus of ␤-cells or implicates the existence of a NO-independent pathway for nuclear localization and activation of Nrf2. The present data support the former possibility in that Nrf2 was detected primarily in the nucleus in both control and treated cells. However, recent reports showed that PERK-dependent activation of Nrf2 contributes to redox homeostasis and cell survival following ER stress (15, 16) . Therefore, independently of endogenous NO production, PERK may activate Nrf2. The potential redundancy of this pathway underscores the importance of maintaining redox homeostasis in pancreatic ␤-cells. Indeed, recent studies indicate that Nrf2 activation involves a coordinated process and is regulated at multiple levels (reviewed in Ref. 16) . The present data demonstrate that cNOS inhibition repressed Gclc expression and ARE4 promoter activity despite UPR (and PERK) activation. In this regard, although NOindependent pathways for initiating the nuclear localization of Nrf2 exist, endogenous NO production is necessary for ultimately enhancing Gclc expression during the ER stress response. In agreement, NO-induced transcriptional upregulation of protective genes by Nrf2 via the ARE counteracts apoptosis in neuroblastoma cells (21) . This and the present findings support the involvement of a NO-dependent mechanism underlying redox homeostasis in ␤-cells.
␤-Cell dysfunction resulting from oxidative or disulfide stress may reflect differential genetic or environmental regulation of ER stress responses. Consistent with this hypothesis is a report that describes an "integrated stress response" consisting of the UPR and further regulation of amino acid metabolism and resistance to oxidative stress (37) . Furthermore, genetic differences in the constitutive ability to dissipate ROS correlated with differential inbred strain susceptibility or resistance to alloxan-and streptozotocin-induced diabetes (62) (63) (64) .
Collectively, the present data indicate that oxidative protein folding machinery in the ER may generate excessive ROS that accumulate over time and contribute to chronic oxidative stress during hyperglycemic conditions. Accordingly, ␤-cells respond to disulfide stress by increasing the total glutathione pool, possibly to buffer the excessive ROS produced during the ER stress response. In addition to changes in thiol metabolism, ␤-cells possess the capacity to regulate their intracellular redox state via induction of antioxidant defense genes. These effects are, in part, mediated by enhanced redox signaling via NO.
